The mechanical properties of mammalian ventricular cardiac muscle have been studied in the presence and in the absence of an intact endocardial surface. Isotonic and isometric twitch contractions were obtained from papillary muscles of the right ventricle of cat at 29° and 37° C, at different extracellular calcium concentrations ([Ca 2+ ]J, and at different initial muscle lengths. The endocardial surface was damaged by gentle abrasion of the muscle surface with a plastic blade or by brief immersion for 1 second with 1 % Triton X-100. Although there was no evidence of damage to myocardial cells, damaging the endocardial surface resulted in an immediate and irreversible abbreviation of the twitch contractions with, except at the highest [Ca 2+ ]., a decrease in peak isometric twitch tension. These changes induced 1) an asymmetrical shift of the tension-[Ca ]+ j. relation towards increasing [Ca 2+ ], but with no effect at the highest [Ca !+ 1,, and 2) a rightward and downward shift of the length-tension relation. Both shifts were significantly more pronounced at 37° C than at 29° C; they were not accompanied by significant changes in V^. The asymmetrical shift of the tension-[Ca 2+ ] o relation suggests that the endocardium-mediated chain of events may be mediated by changes in the sensitivity of the contractile proteins to Ca 2+ . This hypothesis is also supported by the similar pattern of changes (i.e., modulation of the onset of early tension decline) induced by decreasing length at each [Ca 2+ ], and by the removal of a functional endocardium. Accordingly, the endocardium may help to control the performance of the heart by modulating peak contractile performance and relaxation of the underlying myocardium. (Circulation Research 1988;62:358-366) 
T he wall of the mammalian heart consists of muscle, the myocardium, which at the inner, cavitary side is covered by the endocardium, the luminal surface of which is lined by a monolayer of endothelial cells. This continuous single layer of closely apposed endothelial cells adheres to a basement membrane that overlies two or three layers of collagen and elastin fibers. 1 "" Embryologically, this endothelial monolayer forms the endocardial heart tube or, as in human embryos, the endocardial plexus, and constitutes the earliest structure of the future heart. Its development precedes that of the myocardium and, later still, of subsequent innervation and coronary vascularization. 12 However, the function of the endocardium, in particular the influence on the myocardium, is unknown. We have studied the mechanical properties of mammalian ventricular myocardium before and after damaging the endocardial surface. The findings have been reported recently.
Materials and Methods

Preparations and Solution
Papillary muscles (n = 32) were isolated from the right ventricle of the cat. The tendinous end of the muscles was attached to an electromagnetic lengthtension measuring and controlling device. The lower nontendinous cut end was held in a phosphor-bronze clip. Stimulation rate was 0.2 Hz through longitudinally arranged platinum electrodes, and stimulation intensity was slightly above threshold. The bathing solution contained (in mM): NaCl 118, KC1 4.7, MgSO 4 -7H 2 O 1.2, NaHCO3 24, KH 2 PO 4 1.1, glucose 4.5; CaCl 2 -2H 2 O 0.6, 1.25, 2.5, 4.0, or 7.5 and was bubbled with a gas mixture of 95%O 2 -5% CO 2 .
Force and Length Measurement
The electromagnetic length-tension measuring and controlling device was modified after Brutsaert and Claes. 14 It consisted of an aluminum lever, 1 mm thick and 30 mm long, with a tapered end to decrease the moving mass. This lever was firmly attached by epoxy cement to a coil suspended in a strong magnetic field. The equivalent moving mass of the whole system (lever and coil) was 225 mg. The torque on the lever and, hence, the loading on the preparation was proportional to the current through the coil. This current was generated by a current source calibrated for step changes in load of 0.1, 1, 10, and 100 mN to a total of 150 mN.
Force was measured by a unidirectional forcesensing feedback circuit. The unfiltered displacement signal was compared with a preset reference level, representing the position of an "electronic stop." If the signal was smaller than this level, no feedback occurred and the preparation had to carry the imposed load. When the preparation was lengthened beyond the reference position, the lever was held in that position by feedback action and the current through the coil was proportionally decreased and represented the load carried by the preparation. By adjusting this reference level, resting length and preload could be set. In the course of an isometric contraction, the lever did move a very small amount, proportional to the developed force. The static compliance amounted to 0.25 /Lim/mN, and the dynamic compliance was negligible. The force signal was filtered with a low-pass, thirdorder filter (cut-off frequency, 150 Hz; rise time, 3 msec) and differentiated with an active differentiator (RC = 0.05-0.1 second). This low cut-off frequency minimized noise on the derivative signal.
The displacement of the lever was measured by an optico-electronic system. The light beam of a miniature infrared light-emitting diode (Texas Instruments TIL 32) was modulated by the lever acting as shutter, and captured by a photodiode (Philips BPW 41). The resulting signal was amplified by operational amplifier circuits. The linear range was 2.5 mm with an error of 1%. The displacement signal was filtered and differentiated with the same kind of circuits as the force signal to minimize relative phase errors.
Experimental Protocol
After a stabilization period of at least 2 hours at 29°C , at [Ca 2+ ] 2.5 mM, and at L^ (i.e., the initial muscle length at which the greatest peak twitch tension was developed), experiments were performed at 29° C or at 37° C. The characteristics of the muscles at 29° C (n = 20; Figures 2, 3, 5, and 6) were (mean±SEM) length 7 ±0.3 mm, mean cross-sectional area (assuming cylindrical uniformity and a specific gravity of 1.00) 0.8 ±0.05 mm 2 , resting tension (RT) 7 ±0.7 mN/mm 2 , and ratio of RT to total peak isometric twitch tension (TT) 10 ±0.5%. The characteristics of the muscles at 37° C (n = 5; Figures 3 and 5) were length 8 ±1.0 mm, mean cross-sectional area 0.6 ±0.08 mm 2 , RT 6 ± 0.6 mN/mm 2 , and RT: TT 10 ± 1.6%. For the experiments in Figure 4 , a separate group of muscles (n = 7) was used at 29° C. The characteristics of these latter muscles were (mean±SEM) length 8.5 ±0.3 mm, mean cross-sectional area 0.9 ±0.07 mm, RT 5±0.6 mN/mm, RT:TT 8±0.5%.
The contractile properties were derived from 1) a preloaded isotonic contraction at l^ and 2) isometric contractions at 1^ and at various lengths below L^. Maximal velocity of shortening (V,^) was obtained by abruptly unloading the stimulated muscle to zero load after the latency period. 14 To eliminate the effect of the muscle's memory for length and load during the preceding contractions, all test contractions were separated by a series of at least 8 preloaded isotonic contractions at 1^; that is, any isometric or isotonic contraction at any given initial length was always the first contraction fol lowing the length step to that length.
Damaging the Endocardial Surface
After the baseline observations, the possible role of the endocardium was assessed by repeating the observations after either gentle abrasion of the muscle surface with a sharp plastic blade (n = 8) or immersion for 1 second with 1% Triton X-100 dissolved in a Krebs-Ringer solution at 29° or 37° C followed by rapid abundant wash (n = 25; Figure 1 ). An exposure time of 1 second is only a minimal fraction of the time needed for detergent treatment to damage myocardial cellular membranes. Abrasion or immersion was carried out in the working position of the muscles; that is, the muscles were kept under tension, as it was possible to move the organ chamber independently of the fixed preparation and measuring device.
In contrast to untreated muscles, muscles subjected to either mechanical or to chemical manipulation of the endocardial surface of the endocardium could consistently be stained with Evans blue following superfusion of the muscle surface with this dye and followed by rapid wash with Krebs-Ringer solution. Evans blue is a highly charged compound that stains the muscle surface wherever there is loss of endothelium. Hence, following the experiments, this simple procedure provided an elegant check for desquamation and/or irreversibly increased permeability of the endocardial surface.
On light microscopy, transsections of cat papillary muscles after Triton X-100 immersion or after mechanical abrasion could not be distinguished from untreated muscles for mean thickness and apparent continuity of the endocardium. Also, no histological damage of the underlying myocardium could be detected on light microscopy and transmission electronmicroscopy. Since the dirferences between resting and contractile properties of both the mechanically and chemically treated muscles were statistically insignificant before as well as after damaging the endocardial surface, all data were pooled for both groups.
Results
Effects on Twitch Contractions
In all muscles, a characteristic, immediate, and irreversible phenomenon became fully apparent in the first contraction after damaging the endocardial surface ( Figure 2 ): the onset of isometric relaxation occurred sooner with, except at the highest [Ca 2+ ] 0 , a decrease in peak isometric tension and, to a lesser extent, velocity of tension development. The mean percent changes of the characteristic phenomenon at 29° C (n = 20) and 37° C (n = 5) are plotted in Figure 3 . Similarly, isotonic relaxation occurred sooner with some decrease in extent of shortening and in velocity of shortening. However, maximal unloaded velocity of shortening (V,^) was not significantly different before and after damaging at both temperatures and at all [Ca 2+ ] 0 studied. In the rat, a similar immediate phenomenon was also observed after Triton X-100 immersion '(« = 11) or after abrasion (n = 2) of papillary muscles from the left ventricle (n = 13). However, these rat cardiac muscles were not further studied here.
The characteristic contractile phenomenon was not correlated with muscle thickness, was similar after both mechanical and chemical procedures of endocardial impairment, was not affected by slightly prolonging the duration of immersion to 5 seconds (always followed by rapid abundant wash), was significantly more by Triton X-1OO immersion. Traces of length (I), tension (T), and first derivatives (dl/dt and dTldt) were derived from isotonic and isometric contractions initiated at /^ at different [Ca 2 *],. The marked abbreviation of the contraction was not accompanied by changes in velocity or peak contractile performance at 7.5 m\i Ca 2 *, indicating an undamaged underlying myocardium. In many muscles, velocity of tension development and of isotonic shortening subsequently decreased after the removal of a functional endocardium, in particular at low [Car*],, high temperature, and short length. However, maximal unloaded velocity of shortening (V_J was not significantly different before and after damaging and was therefore not depicted in this figure. Muscle characteristics were length 8 mm, mean crosssectional area 0.83 mm 2 , resting tension 10.2 mNImm, ratio of resting to total peak isometric tension (at 2.5 mM [Ca*]J 9.4%.
pronounced at 37° C than at 29° C, and was irreversible in all experiments, i.e., once the phenomenon was established, the contractions remained unchanged for the entire duration of the experiments (up to 4-5 hours). No changes in the passive length-tension properties of the muscles were observed despite a rare and transient rise in resting tension in a few muscles. This transient rise in resting tension was always over within 3 to 4 contractions and could be avoided by prewarming the Triton solution to the corresponding bath temperature and by using a plastic, instead of a metal, blade. In muscles where initially only a small area of the endocardial surface had been injured (by a single, gentle longitudinal rub), the characteristic phenomenon was also immediately and fully apparent but disappeared again after about 5-10 minutes. Because this time is too short for true regeneration of endothelial cells, the endothelial monolayer would appear in some way to be capable of rapid resealing or spreading of cells over restricted areas of the denuded endocardium. The characteristic phenomenon was always irreversibly present after a third or fourth single rub over different portions of the endocardial surface.
We also found that the use of an inert phosphorbronze clip to hold the nontendinous cut end of the muscles was essential in these experiments because it probably allowed for similar resealing of the endothelial monolayer over the edge of the clip during the 2-3 hour stabilization period. This would, in addition, explain why stabilized muscles, when transferred to another phosphor-bronze clip but carefully clipped on the same previously clamped region of the muscle, always necessitated a new stabilization period.
Effects on Tension-[Cd*] o Relation
These results are manifested as an asymmetrical shift of the tension-[Ca 2+ ] o relation, significantly more pronounced at 37° C than at 29° C (/><0.01), in the direction of increasing [Ca 2+ ] 0 but with no effect on the maximum amount of peak developed tension at the highest [Ca 2+ ] 0 of 7.5 mM (Figures 3 and 4) .
In all muscles at high [Ca 2+ ] 0 and in many muscles at lower [Ca 2+ ] 0 , changes in velocity of tension development and of shortening could hardly be seen when peak velocity values were considered ( Figure 2 ). Here, changes in velocity occurred after the time of peak velocity concomitant with the early onset of tension decline. In several muscles, a decrease in peak velocity of tension development and of shortening became more apparent after damaging the endocardial surface, especially at low [Ca 2+ ] o , high temperature, and short lengths (see representative example at 29° C in Figure 4 and at 37° C in Figure 5 ). The decreased velocity of tension development after endocardial damage corresponded to the velocity of a contraction with the same peak tension at a lower [ C a ] o on the baseline tension-[Ca] o curve. For example, in Figure  4 , peak tension and rate of tension development of twitch contractions at 1.25 mM Ca 2+ after endocardial damage (contraction 2) corresponded to twitches at 0.625 mM Ca 2+ with intact endocardium. Time to peak tension and to half relaxation of the twitches with intact endocardium was, however, always longer. This feature was emphasized further in Figure 4 , when the [Ca 2+ ] 0 was appropriately increased after endocardial damage. Thus, contraction 3 could be made to match baseline contraction 1, except for time to peak tension and to half relaxation, which always and irreversibly remained shorter after endocardial damage. This observation was made in all muscles of Figure 4 , regardless of the [Ca 2+ ] o range where appropriate adjustments of [Ca 2+ ] 0 were made.
Effects on Length-Tension Relation
In Figure 5 (right panel), length-peak tension (TT) curves were obtained from isometric contractions at different [Ca 2+ ] o . At 29° C, the decrease in TT was not significant at 7.5 mM Ca 2+ but amounted to 40% of the control at 0.6 mM Ca 2+ ; alternatively, the presence of a functional endocardium increased TT by approximately 67% at 0.6 mM Ca 2+ . At 2.5 mM Ca 2+ , the increase in TT by the presence of a functional endocardium was enhanced from 12% at 29° C to 100% or doubling TT at 37° C. Thus, except at the highest [Ca 2+ ] o , damaging the endocardial surface resulted in a significant parallel rightward and downward shift of all length-tension relations, again being much more marked at 37° C than at 29° C (p<0.01). At 37° C and 2.5 mM Ca 2+ , the downward shift was asymmetrical (
The time traces of isometric twitch contractions obtained in two representative muscles at 29° C and 37°C are also shown ( Figure 5 , left). For each twitch, peak isometric twitch tension is determined by the rate of rise and by the duration of tension development. In Figure  5 alter the rate of rise but, except for a slightly shortened time to peak tension, have little effect on the duration of tension development. On the other hand, at any given [Ca 2+ ] o , the effect of length on rate of rise becomes manifest as increasing velocities of tension development with increasing lengths. These changes are accompanied by a striking prolongation of the time to peak tension and time to half relaxation at higher lengths but with minimal changes in the speed of tension decline.
These characteristic patterns of modulation of twitch contractions induced by changes either in [Ca 2+ ] o or in initial muscle length became more manifest still, when the isometric twitch contractions of the muscle at 29°C in Figure 5 were arranged in a different format ( Figure 6) . In contrast to changes in [Ca 2+ ] 0 , the effect of length on the duration of tension development at any given [Ca 2+ ] 0 became manifest as a modulation of the onset of early tension decline during relaxation. More striking still is the fact that the presence of a functional endocardium reinforces this same type of modulation even further, at any length.
Discussion
Impairment of the endocardial surface influences the mechanical performance of the underlying undamaged myocardium. It immediately and irreversibly shortens the duration of twitch tension development, particularly at a physiological [Ca 2+ ] o and temperature, thereby markedly affecting the relation of peak isometric twitch tension development to both [Ca 2+ ] 0 and length.
Myocardial tissue was structurally not damaged by the procedure for endocardial impairment because 1) on light microscopy both treated and untreated muscles were covered with a continuous endocardial structure, and regardless of the staining method, differences in endocardial structure could not be detected between muscles with impaired and those with intact endocardial surface; and 2) the histology of the underlying myocardium was intact both on light microscopy and on transmission electronmicroscopy. Functional integrity of the myocardium was confirmed because 1) maximal mechanical performance of the muscles (i.e., peak isometric tension at the highest [Ca 2+ ] 0 at l^) was unaltered in the presence of an impaired endocardium; 2) V^ was not 2+ significantly affected at all [ C a ] 0 and temperatures; 3) there was no correlation between the characteristic phenomenon induced by damaging the endocardial surface and muscle thickness; and 4) once fully established, this phenomenon never, not even partly, recovered to baseline levels for the entire duration of the experiment. Moreover, when true myocardial depression is induced (e.g., by too long an exposure time [more than 10-15 seconds], by a second short exposure time to Triton, by too intensive abrasion, or by other means [such as manipulation, overstretching, or adding depressive agents]) twitch contractions are affected differently. In contrast to the characteristic phenomenon after damaging the endocardial surface, true myocardial depression is in general characterized by a fall in peak twitch-force performance with a concomitant decrease in both velocity of rise and velocity of decline in tension. These latter changes are strongly correlated to muscle thickness, are often progressive, and may in some conditions either partly or completely recover. True myocardial depression is also manifested by a diminished peak twitch tension at the highest [Ca 2+ ] 0 at 1,^ and by a fall in V^ at all [Ca 2+ ] o . The similar pattern of changes-modulation of the onset of early twitch tension decline during relaxation -by decreasing length at each [Ca 2+ ] 0 and by damaging the endocardial surface could suggest a common underlying mechanism. In addition, the asymmetrical shift of the tension-[Ca 2+ ] o curve induced by damaging the endocardial surface raises the possibility that, as for the ascending limb of the length-tension relation 1516 and in the absence of more direct evidence, the endocardium-mediated chain of events too may eventually be mediated by changes in the sensitivity of the contractile proteins to Ca 2+ . 1718 As for the mechanisms involved in the observed characteristic phenomenon, we can only speculate at present. We might think of at least three possible ways by which the endocardium could affect myocardial performance: by an electrochemical barrier, by the release of a chemical substance or messenger, or by both.
First, as an adjustable physical barrier with variable permeability, the endocardium could control homeostasis of the microenvironment of the interstitial fluid surrounding the cardiac muscle cells, perhaps by establishing a delicate transendothelial electrochemical potential. Although such properties have as yet to be demonstrated, electron-microscopical studies have emphasized the existence of a few specialized junctions, resembling true gap junctions, between the closely apposed endothelial cells. 3 These junctions indirectly support the presence of an electric transcellular potential difference across the endothelial monolayer and would favor the possibility that changes in potential difference may contribute to the functional role of the endocardium. Impairment of this active barrier could then cause a rapid change in concentration of a substance or ion in the interstitial fluid with immediate and dramatic effect on the twitch contraction. This cannot be attributed to a sudden fall in [ C a ] 0 as the observed changes in twitch tension profile after damaging the endocardium are not typical for a Ca FIGURE 6 . Isometric twitch contractions at different [Ca 2 *].atl mo (left) and at different initial muscle lengths at 7.5 m\i [Ca 2 *], (right) with (solid lines) and without (dashed lines) intact endocardium. In the upper right panel the corresponding length and twitch contractions at these different lengths have been labeled a,b,c, or d. The twitch contractions are the same as in the representative muscle at 29° C in Figure 5 but have been retraced in a different format. effect ( Figure 6 ). In addition, at all [Ca 2+ ] 0 , V^ was not different before and after damage. Moreover, appropriately rising [Ca 2+ ] o could compensate for the rate of rise and for the peak tension of the twitches but not for the twitch duration, which irreversibly remained shorter (Figure 4 ). Another plausible candidate is extracellular potassium ([K+],,), which, through changes in concentration in the interstitial fluid, could contribute to the characteristic contractile phenomenon after damaging the endocardial surface. A sudden increase in [K + ] o would decrease the resting potential, shorten the action potential, and lead to a decreased twitch peak and duration. Experiments are presently in progress to explore further whether potassium may be indirectly involved in helping to establish a transendothelial electrochemical potential.
Second, in analogy with the as yet unidentified endothelium-derived relaxing factor, which mediates vascular smooth muscle relaxation via [cGMP],, 19 " 22 it might be tempting to invoke the existence of an endocardially released factor that would induce premature relaxation of the myocardium (myocardium relaxing factor) by decreasing the sensitivity of the contractile proteins to [Ca 2+ ]. However, the presence of a functional endocardium delays the onset of isometric tension decline, thus shifting the tension-[Ca 2+ ] o and the length-tension curves upward and to the left to lower [Ca 2+ ] 0 and shorter lengths, respectively. As this effect is irreversibly abolished after removal of a functional endocardium, we may speculate on the release by the endocardium of another factor that would increase the sensitivity of the contractile proteins to Ca (myocardium contracting factor). Recent findings from our laboratory suggest that adenosine 5'triphosphate (ATP) perhaps participates in this chain of events leading to an increased sensitivity to C a . We found that dibutyryl guanosine 5'-cyclic monophosphate (10~65 and 10~ M), sodium nitroprusside (10~\ 10~, 10~ M; experiments done in darkened room), and ATP (4X1CT and 4 x l O " M) all induced a qualitatively similar, but reversible after washing, typical phenomenon on the duration of isometric contractions. Among these substances, ATP was the only one that, in the absence of a functional endocardium, delayed the onset of isometric tension decline of relaxation, thereby reversing the abbreviation induced by the removal of a functional endocardium. This reversal by ATP in the absence of a functional endocardium occurred in general at a lower ATP concentration than its opposite effect in the presence of a functional endocardium. The dual antagonistic effect of ATP, promoting early relaxation in the presence, but promoting further contraction in the absence, of a functional endocardium, resembles the functional role attributed to ATP in the endothelium-mediated control of vascular smooth muscle. In the vascular system, intraluminal ATP acts as a vasodilator possibly by the release of a relaxing factor, whereas extraluminal ATP (e.g., in the absence of a functional endothelium or if ATP would be released at the interstitial side of the endothelial cells) acts as a vasoconstrictor by direct effect on purinoceptors of the smooth muscle cells.
How these two possible mechanisms-an electrochemical barrier or the release of a chemical messenger-could either alone or in concert participate in a chain of events eventually leading to changes in the sensitivity of the contractile proteins to [ C a ] is still difficult to conceive at present. To what extent these changes could affect the action potential of the underlying myocardium, and, hence, the endocardiummediated control of myocardial performance, is presently under investigation. Recent preliminary experiments have demonstrated a shortened action potential duration in the steady-state twitches after damaging the endocardial surface (K.R. Sipido, PR. Housmans, and D.L. Brutsaert, unpublished observations). Apossible link to underlying ionic mechanisms, in particular the potassium ion, is under investigation. Rapid changes in action potential duration could be established by some electrotonic coupling of the transendothelial electrical potential to the myocardial sarcolemmal membranes. Spread of these electrotonic potentials would allow for a rapid control by the endocardial monolayer over the entire thickness of the ventricular wall. In the present study, all effects were immediate responses inducing instantaneous changes of the onset of isometric tension decl ine, often, but not always, accompanied by subsequent changes in peak velocity of contraction as outlined above. Voltage clamp experiments in cat papillary muscle have shown that sudden changes in duration of the action potential always affected the contraction phase (including velocity and duration), mainly of subsequent contractions. 24 On the other hand, step changes in initial muscle length just prior to the experimental contraction, similar to the length changes in the present study, shortened the twitch contraction without affecting the duration of the first action potential at that new length." Progressive shortening of subsequent action potentials occurred over several minutes. Such changes in action potential duration mainly in subsequent contractions could be secondary to changes in [Ca 2+ ]j, resulting from changes in actin and myosin interaction, e.g., by altered sensitivity of the contractile proteins. 23 Similar to vascular smooth muscle control by the vascular endothelial cells, an important role could thus also be attributed to the endocardial endothelial cells. In the intact heart, several substances in the supervising blood or several conditions may take part in the endocardium-mediated chain of reactions, which could eventually lead to a diminished sensitivity of the contractile proteins to Ca 2+ . For some of these plasma factors, the presence of an intact endocardium seems to be a prerequisite. We have recently observed that atrial natriuretic peptide (ANP) has, in addition to its natriuretic and vasodilating properties, a direct effect on isolated cardiac muscle. 26 ANP, similarly as the removal of a functional endocardium, induces an early tension decline with no changes in the rate of rise. This effect is easily reversed after washing but is abolished after damaging the endocardial surface. Specific receptors for ANP have been demonstrated exclusively on the endocardial endothelial cells in the ventricle of the rat.
Accordingly, the endocardium as the most primitive structure of the heart, may help to control the performance of the underlying myocardium by modulating the onset of early tension decline. These effects will result in important variations of peak contractile performance and of relaxation of the underlying myocardium.
